Despite the success in knowledge gained by the Mars missions in the last two decades, the search for traces of life on Mars is still in progress. The reconstruction of (paleo-) environments on Mars have seen a dramatic increase, in particular with regard to the potentially habitable conditions, and it is now possible to recognize a significant role to subaerial hydrothermal processes. For this reason, and because the conditions of the primordial Earth-when these extreme environments had to be common-probably resembled Mars during its most suitable time to host life, research on terrestrial extreme hydrothermal habitats may assist in understanding how to recognize life on Mars. A number of geological and environmental reasons, and logistics opportunities, make the geothermal field of El Tatio, in the Chilean Andes an ideal location to study.
Introduction
Since the pioneering work by Brock at the Yellowstone National Park [1] , the identification of hyperthermophilic microorganisms has opened an extraordinary field for the study of the early evolution
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of life on Earth. With different metabolic strategies, prokaryotes preferring high temperature environments appear to be among the Earth's most plausible primitive organisms [2] [3] [4] [5] . The reason for their importance lies in the characteristics of the habitats occupied by modern thermophiles and hyperthermophiles: a unique set of conditions that characterized the early Earth and interconnected energy (geothermal), chemical processes, and aqueous fluid transport through the Earth's crust [6, 7] at the dawn of biological evolution. The extreme antiquity of the hyperthermophiles (e.g., [5, 8, 9] ) justifies the debate on their position relative to the origin of life (e.g., [10] [11] [12] ).
Despite being present on all of the continents with the exception of Antarctica [13] , if the hydrothermal environments are today a relatively rare phenomenon, they were common in the primordial Earth. Hydrothermalism depends on volcanic activities on land, in the seafloor, and in the deep subsurface, and provides habitats for chemosynthetic, (hyper-)thermophilic microbial life forms in the deep (sea or land) systems, while at the surface they are active competitors of photosynthetic ones. Whereas in the seafloor the geothermal areas are usually close to an oceanic ridge, on land they are associated with different types of volcanic emissions. In both cases, the resulting hydrothermal systems depend on the heating and the emission of water at high temperatures. Because this combination of liquid water and energy sources is considered necessary for life also outside of the Earth, hydrothermal environments detected on Mars are among the most promising targets for searching for traces of possible extraterrestrial life. Achieving this goal, however, requires in-depth knowledge about the types of biosignatures that may be present in extreme hydrothermal habitats and their mode of fossilization, preservation, and detection in the only place that is subject to our direct observation: the Earth. This paper focuses, therefore, on the significance of the extreme hydrothermal systems in continental settings and their relevance in an astrobiological perspective and habitability estimate.
Hydrothermal phenomena that occur in continental (subaerial) areas represent an obvious facilitation for both physical and biological observations of these types of environments. Moreover, because the hydrothermal systems sustain a wide variety of biospaces for a number of microorganisms throughout the geological history of the Earth (since at least the early Archean), their significance in terms of Martian habitability, as models of possible life on that planet through time, is potentially enormous.
Without the buffering effect of the seawater and conditioned by a different water chemistry from site to site, subaerial hydrothermalism produces more demanding environmental conditions compared to those of the deep-sea. In terms of acidity, for example, the scenario for subaerial sites is extremely diverse. At Yellowstone National Park, for example, most of the geyser basins are alkaline, and only a few have acidic waters [14] , whereas other important geothermal areas, such as El Tatio in the Chilean Andes, have nearly neutral pH [15] . Differently, other sites display extremely acidic conditions, as in the case of the Dallol Volcano (Danakil Depression) where pH values much lower than 1 were measured from escaping gas [16] and waters [17] . Large variations in the levels of temperature and acidity determine the colonization by different extremophiles, with communities of meso-, thermo-, hyperthermophiles, and acidophilic thermophiles that are responsible for striking differences in color as a product of their pigments. These differences are largely used for defining field zonation of the microbial communities (biofacies) (Figure 1 ). The Earth is not the only known place in the solar system where hydrothermalism and associated phenomena, such as geysers or geyser-like eruptions, are described or suggested. The Saturnian moon Enceladus is the most recent body of the solar system for which geysers-or jet-like eruptions produced by water vapor, ice grains, and other compounds that can be roughly compared with geysers-were proposed [18, 19] . On Triton, the largest moon of Neptune, geyser-like vents seem to be produced by nitrogen gas [20] , whereas on Dione and Tethys, two other Saturnian moons, ice geysers might be present [21] . In addition, on Jupiter's moon Europa hydrothermal vents are assumed [22] .
Taking into consideration Mars, a number of observed features are associated with jet-like eruptions (e.g., [23] ) and real hydrothermal activity-in particular impact-induced hydrothermalism and ventingincluding surface morphologies, mineral compositions, and stratigraphic evidences likely related to the earliest stages of its geological history (e.g., [24] [25] [26] ). Despite the still limited knowledge of the paleoenvironmental context in which the hydrothermal deposits of Mars accumulated, many of them are presumed to have been formed in subaerial emerged or continental aquatic environments, such as lakes (e.g., [27] ), that would have been produced inside impact craters. Also in Gusev crater, where there has been described the best example of hydrothermalism on Mars ( [28] [29] [30] ), is suggested the formation of an ephemeral lake [31] with evidences consistent with evaporite precipitation. The interest for this impact crater is also due to near-neutral pH conditions-a favorable factor for life-suggested by the detection of carbonates of a presumably hydrothermal origin [30, 32] . Even products of what is interpreted as derived from geyser activity seem of subaerial environment. Similar to their terrestrial analogues, an important aspect of these Martian subaerial hydrothermal deposits, which could contribute to the reconstruction of the planet's evolution over time, is that they could convey information on hydrothermal fluid flow circulation of the deep subsurface (that cannot yet be achieved) up to the planet's surface.
Hydrothermalism: Early Earth and Present-Day
Modern hydrothermal environments are among those that can best represent the conditions under which life may have been set during the very early Archean Eon. The reasons why life may have started in this type of environment are manifold. Hydrothermal environments were widespread during the primordial Earth in both submarine and subaerial areas. Although the problem of the thermal regime of the Earth's surface at around 4 Ga ago is still debated (e.g., [7, 33, 34] ), at that time the temperatures are assumed to have been much higher than today. The ocean temperatures have been estimated (from δ 18 O values measured on unaltered Archean cherts) between 50 and 70 degrees centigrade [35, 36] , and extreme, high temperature environments were documented by hydrothermal fluid alterations in early Archean rocks [37] . Moreover, the earliest known life belongs to hyperthermophilic Archaea [38] , as also indicated by molecular data [4] . Further evidence of possibly favorable living conditions for hyperthermophiles comes from the proposed model of the thermal state during the late Hadean-early Archean Eons characterized by the intense late heavy bombardment, LHB (ended approx. 3.9-3.8 Ga ago) [39, 40] . The results of this modeling suggest that the effects of the LHB appear insufficient to eradicate microbial life, and this may have interesting implications for understanding the real chances of habitability offered by a heavily cratered planet surface as was Mars during the Noachian.
Since their discovery in the late 1970s [41] , the knowledge on the biological-related processes of the seafloor hydrothermal systems has rapidly progressed. One of the most outstanding systems discovered to date is Lost City, a hydrothermal field located near the mid-Atlantic Ridge [42] . The importance of this site stems from its peridotite-seawater alteration system-a type of rock/water interaction that is considered as a possible equivalent of Hadean hydrothermal environments [43, 44] -and, also, on the dual (abiotic and biotic) origin of the methane carried by its vent fluids [45] . In deep submarine hydrothermal systems hyperthermophiles are typified by a chemolithoautotrophic mode of nutrition that makes them ideal candidates for colonizing a primitive Earth, with extremely active volcanism, intense meteorite impacts, and overall reducing (oxygen deficiency) conditions [7, 46] . In the event that life first appeared through chemolithoautotrophy [47] , ecosystems such as Lost City may, therefore, have a primary role for understanding how it arose.
Together with hydrothermal vents in the deep ocean, thermophiles and hyperthermophiles inhabit subaerial biotopes close to active volcanoes or near surface waters heated by intrusions of magmatic bodies. In these environments thermophiles are not limited to chemolithoautotrophy, as are the archaea of the deep oceans. They also include cyanobacteria and anaerobic photosynthetic bacteria. Some of these phototrophs commonly produce mats in geothermal water temperatures that may even exceed 80 °C [48] .
As far as cyanobacteria are concerned, their relevance in terms of the possibility of being found in the fossil record is mainly dependent on their combined ability of withstanding harsh environmental conditions (e.g., [49] ) and their high fossilization potential (e.g., [50, 51] ). A typical case is that of the desiccation-tolerant and radiation-resistant coccoid Chroococcidiopsis, one of the most primitive cyanobacteria, which is able to live in a wide range of extremely severe conditions (e.g., [52] [53] [54] ), including hot springs, and was also proposed as a pioneer microorganism for terraforming Mars [55] . Although it is probably the most striking example, Chroococcidiopsis is not the only case of strongly extremophile cyanobacterium. Limited to the case of thermophiles, cyanobacteria are found in many high temperature springs, where filamentous genera produce multi-layered sheets and streamer morphologies. Organics produced by cyanobacterial mats can also allow the existence of thermophilic organotrophs, such as the genera Calditerrivibrio, Desulfurella, and Thermus, such as in Kamchatka [56] and other hot spring regions.
Hydrothermalism: Martian Environments
Volcanic-related deposits of presumably hydrothermal origin have been detected in a number of Martian regions (see review by [26] ), which is consistent with the planet's geology characterized by the ubiquitous presence of basaltic volcanism. In this respect, the Noachian-aged Gusev crater, the landing site of the MER (Mars Exploration Rovers) Spirit, has a particular significance. At this site, the sensational discovery of opaline silica deposits has been interpreted as the product of hydrothermal conditions [29] because of its association with volcanic materials. More recent work [30] has supported the interpretation that opal-A outcrops were the product of a hot spring or geyser environment with a depicted scenario in which volcanic-related hydrothermal fluids allowed the precipitation of silica sinter deposits. Evidence of subaerial-interpreted hydrothermal environments was also described in the Hesperian-aged silica deposits on the flank of a volcanic cone in a caldera of Syrtis Major [57] . Because certain terrestrial hydrothermal systems share several primary environmental conditions with Mars, they may conveniently be considered as its environmental analogues. This is the case, for example, of highaltitude and/or glaciovolcanic hydrothermal environments [58] , because the intense radiation and the permanent frost that characterizes them are ubiquitous environmental factors on Mars.
Mineral compositions and morphologies that are interpreted as being of hydrothermal origin-such as hydrated minerals (suggesting water-rock interactions), volcanic activity, and small dome morphologies (suggesting vent activity)-make the example that was described regarding the Majuro impact crater rather interesting [59] . Similar dome-shaped structures exist in other Martian impact crater areas [60, 61] , that are interpreted as the product of hydrothermal circulation and have terrestrial analogs [62, 63] . Ancient (Noachian) crusts that were also detected in different areas [64, 65] were related to aqueous alteration from volcanic-derived hydrothermalism. Another finding of great significance that implies hydrothermal alteration concerns carbonates and hydrated silicate minerals of a seemingly hydrothermal origin exhumed by an ancient meteor impact adjacent to Syrtis Major, a wide volcanic province [66] . This latter finding has relevance for Martian habitability because, similarly to the Earth in both subaerial and seafloor environments, it combines hydrothermalism and a carbonate record, thus establishing chemical environments that could be potentially suitable to host living communities.
Although no site on the Earth's surface can be strictly considered environmentally as an analog of Mars today, certain parameters that are useful for reconstructing the primordial conditions presumed for the red planet exist somewhere. A case of particular importance is that of the Atacama area, a wide, north-south oriented region encompassing parts of Peru, Bolivia and Chile, and including the plateau of the Atacama Desert and the Andean bordering regions. Because of the altitude and latitude of these sites, a number of environmental parameters similar to those of ancient Mars are present together and include a low average temperature, high-daily temperature variations, thin atmosphere, high solar irradiance, ice, reduced yearly precipitation, and a volcanic and hydrothermal environment. Because of this unique set of conditions, NASA-funded researchers undertook an extensive study in preparation for the search for life on Mars (e.g., [67, 68] ). In the Chilean Andes, near the Atacama Desert, is located the geothermal site of El Tatio, the largest geyser field in the southern hemisphere. Ringed by high volcanoes, El Tatio includes the environmental factors mentioned above to which are subjected the local microbiotic components. This biota, however, can leave a permanent record mainly through permineralization by the silica of a rich variety of morphologies and sub-environments [69] [70] [71] (Figures 2 and 3) . The field has, therefore, a unique potential in the practical evaluation of the role of hydrothermal sites for the search for life on Mars. 
Los Gé iseres del Tatio
Together with other high mountain geothermal fields, such as the Daggyai Tso in Tibet, El Tatio is the world's highest geyser field and it is the third largest field in the world, after the Yellowstone National Park (USA) and Dolina Geizerov (Russia). The area includes approx. 10 km 2 in the Andean
Altiplano of the Western Cordillera (Chilean Andes), at more than 4200 meters above sea level, with hundreds of erupting springs, fountain geysers erupting from boiling water pools, cone geysers, fumaroles, and mudpots set on a volcanic substrate [72] . Because of its unique setting, the diversity of geothermal environments, and other factors described below, El Tatio is a site of significant astrobiological relevance. The main reason that makes the astrobiological relevance of El Tatio significant is its quality as environmental analog after the detection on the surface of Mars-by means of both rover missions and remote observations-of a combination of features (mineral/rock compositions, stratigraphic settings and morphologies) that can only be explained by subaerial hydrothermalism in a number of locations (e.g., Arabia Terra, Gusev Crater, Juventae Chasma, Valles Marineris, and others).
The astrobiological relevance of El Tatio deposits and the hydrothermal sites in general also depends on their potential to host life (habitable extreme environment [73] ) and their ability to preserve the remnants of life (biosignatures) over geologic time (e.g., [74] ). These favorable conditions are enhanced by the well-established assumption that the chances of finding evidence of extant or extinct Martian life are significantly higher in the subsurface than in the surface (e.g., [75] ), and hydrothermal systems are excellent sites for life underground as well as on the surface. The assumption that if life forms are present in Martian hydrothermal systems they would most probably be fossilized depends on the general assumption that hydrothermal processes may have been extremely active in the Noachian and Hesperian periods ( [26, 60, 76] , the early phases of the geologic evolution of Mars. At that time, Mars presumably experienced greenhouse-like conditions with abundant liquid (nutrient-rich) water that was probably supported by an allegedly thicker atmosphere than today-therefore able to maintain water in the liquid state on the surface-and numerous geomorphologic and geochemical features [77] [78] [79] . Not only was the planet warmer and wetter, but also a lively volcanic activity contributed to shaping the entire geological provinces on Mars producing extensive basalt [80, 81] and pyroclastic [82] deposits. A combination of the above-mentioned conditions-especially liquid water and heat able to provide nutrients and energy for life-makes the formation of hydrothermal environments and hydrothermally altered rocks likely. Similar to what has been observed on Earth, the persistence of habitable environments produced by hydrothermalism on Mars could also have favored the establishment of residual oases where life might have lasted even during the progressive drying and cooling of the planet [83] .
The astrobiological relevance of El Tatio is also founded on its extensive volcanic province, which can be compared to analogous provinces described on Mars. The El Tatio region also includes abundant products of explosive volcanic eruptions, such as the ignimbrites, and similar friable surface deposits have also been detected on Mars and (at least in part) interpreted as pyroclasts (including ignimbrites) [82, 84] . Because of their easy alterability the ignimbrites can easily record the effect of hydrothermal activity and this is well documented at El Tatio [69] [70] [71] , where opaline deposits (geyserite) hold together the profoundly altered ignimbrite rock making up most of the substrate of the entire geothermal field. The three above-mentioned points make El Tatio a solid analog of Martian volcanic environments.
Another reason that makes El Tatio a site of special significance in hydrothermal environments is that hydrothermalism might still exist present-day on Mars. Evidence that makes plausible a persistence of endogenic-and/or exogenic-driven hydrothermal activities includes geomorphologic, geologic, and compositional aspects (see discussion in [26] ). This possibility makes the modern living ecosystems on Earth, with environments as close as possible to the conditions present on Mars, a fertile subject of investigation to understand how and through which tools the signs of life can be detected. This is the case for high altitude hydrothermal areas, such as the Andean Altiplano of northern Chile (El Tatio, Puchuldiza) and Tibet (Yangbajing), combining a unique collection of extreme conditions that challenge the adaptability of many groups of extremophiles. At El Tatio waters, in addition, several unusually high element concentrations-such as arsenic, possibly related to the leaching of metal sulfides of volcanic origin [15] -contribute to its definition as a unique, extreme hydrothermal environment. High silica concentrations also have a strong astrobiological relevance. The reason is twofold: first, the abundance of silica precipitate favors the preservation of the bio-induced features and, therefore, may allow the recovery of Martian fossils, if any; second, some silica encrustation seems to provide effective protection from ultraviolet radiation in hot spring environments [85, 86] . This second aspect is remarkable because protective strategies from UV radiation on present-day Mars should be considered to provide a reasonable chance of habitability. Unlike the Earth, the Martian UV flux has presumably increased over time and, compared to early Mars, its present UV radiation seems to be a constraint to the evolution of life [87] .
Lastly, the astrobiological relevance of El Tatio is founded on the speculation that on Earth most of the primitive organisms would have had a hyperthermophilic mode of life and this implies that the Archean terrestrial life might have started from hydrothermal environments [4, 88, 89] . This astrobiological relevance is based on the assumption that the understanding of early Archean life and the ways of how it formed could help in the search for signs of life on Mars [90] . Hydrothermal environments set above the volcanic substrates of high altitude, as in the case of El Tatio, can reasonably approximate the conditions of the primordial Earth, which, in turn, seems comparable to what has been assumed for the habitability of Mars during the Noachian and Hesperian Periods.
Conclusions
Hydrothermal deposits are documented from different Martian regions and for a number of them has been hypothesized a subaerial emerged or continental aquatic environment. Because on Earth these hydrothermal systems sustain a wide variety of biospaces for a number of microorganisms throughout its geological history, their relevance for the search of life evidence and habitable environments is potentially enormous. In this regard, the hydrothermal site of El Tatio displays an importance as environmental analog, which is determined by the relatively easy access to a unique combination of physical, geological, and environmental features-that can approximate the early Mars (and Earth) conditions-their interaction with biota, and delivery to the rock record.
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